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The light-induced photoprocesses of phycocyanobilin were studied by femtosecond spectroscopy. After
excitation with 100 fs pulses at 610 nm the transient absorption spectra were measured throughout the visible
region as a function of time. Following excitation of phycocyanobilin bleaching of the initial ground-state
absorption and broad excited-state absorptions located at the shortwave and longwave sides of the bleaching
region were observed. The decay of both bleaching and the excited-state absorptions was accompanied by
the build-up of a comparatively long-living transient absorption between 600 and 750 nm, which is ascribed
to the formation of a photoproduct. On the basis of a global analysis the observed transient absorption changes
are well described by three exponential components with lifetimes in the range of a few picosegoends (

3 ps), some tens of picoseconds { 30—50 ps) and some hundreds of picoseconds<(350—600 ps) with

the exact values depending on the solvent used for the dissolution of phycocyanobilin. The two fast components
(r1 andt,) can be attributed to the relaxation of two different excited states populated with excitation, while
the longer-lived component) is associated with the decay of the photoproduct. A possible kinetic model
that explains the mechanism of the light-induced relaxation processes in phycocyanobilin is presented.

Introduction processes in plants. Phytochrome exists in two different pho-
tointerconvertible forms, a red light-absorbing form, Pr, and a

Open-chain tetrapyrrole compounds play an important role far-red light-absorbing form, Pfr. Upon photoconversion of Pr

iﬁr gr?]ﬁn;ﬁgh;ggtsom oggfgéz?cl S%ﬁ%ﬁfi?tg{eséntltgmpsrjy;?] dto Pfr phytochrome becomes biologically active (for more details
phycobiliproteins, the light-harvesting pigments in the photo- see refs 912).
synthetic apparatus of some algae, contain a tetrapyrrolic 666 nm
chromophore that is covalently bonded by a thioether linkage Pr 730 nm
to a protein moiety. The biological action of these photoreceptors
is based on the photophysica| and photochemica| processe@espite considerable efforts the molecular and kinetic mecha-
Occurring after the absorption of ||ght in their bilindion nism of this phototransformation is not yet well understood.
chromophores. In view of this fact, studies on the photochem- T0 gain further insight into the phototransformation mechanism
istry and photophysics of tetrapyrrole compounds, the structure We have investigated the primary events following photon ab-
of which is related to the chromophores in the photoreceptors, sorption in red light-absorbing and far-red light-absorbing phyto-
have gained increasing attention in recent yéaftét is expected ~ chrome by use of picosecond and femtosecond spectro$tapy.
that such studies contribute to a better understanding of the more In the present paper, we have studied the primary events
complex photoprocesses in the native photoreceptors. In addi-occurring in phycocyanobilin after light absorption. Phycocy-
tion, they might provide information on how the protein moiety anobilin is considered to be an adequate model of the Pr
influences the energetic and photochemical properties of the chromophore because its chemical structure differs from the Pr
bound chromophore. chromophore only in the side chain at C-18, which is an ethyl

Our own investigations are concerned with the characteriza- 9roup in phycocyanobilin and a vinyl group in the Pr chro-
tion of the primary photoprocesses in phytochrome, the pho- mophore (Figure 1).
toreceptor for a Variety of morphogenic and deve|opmenta| From studies such as the one presented here we, therefore,
hope to obtain further information that could help to understand

' Dedicated to Professor Wolfhart Bliger on the occasion of his 66th ~ the complex mechanism of the light-induced processes in the
birthday. Pr form of phytochrome. To follow this strategy, we have
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HOOC COOH For the time-resolved measurements samples of phycocy-
anobilin were freshly diluted in the desired solvent to give an
optical density of~0.7 at 610 nm and degassed with argon.
Furthermore, triethylamine was added to a final concentration
of 0.3% in order to ensure that phycocyanobilin was present in
its unprotonated form. During the measurements the samples
were pumped through a flow cuvette. The flow rate was
calculated so that under the experimental conditions used each

Ri= —CHzCH, laser pulse excited a fresh portion of the sample. After each
_ measurement it was checked that the absorption spectrum of
R,=  —CH=CH, the sample remained unchanged in comparison with the initial

) spectrum.
Figure 1. Structural formula of the chromophore of phytochrome) (R . . .
phgytochromobilin, and phycocyanobilin;()?p Pt & Instrumentation and Measuring Procedure. Absorption

Measurementshe laser used in the femtosecond spectrometer
was a colliding pulse mode-locked dye laser with a four-stage
dye amplifier, as described previoush?° Amplified pulses of
the CPM laser at 610 nm served as pump pulses. The typical
%hoton fluence at the entrance of the cuvette wasx 101
cm2. The probe beam was a femtosecond white light continuum
generated in a sapphire. The pump pulses exhibited a 100 fs
pulse width. The pump and probe pulses were polarized in
f parallel. The chirp of the white light continuum was numerically
compensated t&0.2 fs/nm. The time resolution thus obtained
in the spectral region between 450 and 850 nm wa@o fs.
Material and Methods The probe light transmitted through the sample was detected
by a CCD camera after passing through a spetrometer. The
Preparation of Phycocyanobilin. Phycocyanobilin was  spectral resolution of the measurements was better than 5 nm.

The excited-state behavior of phycocyanobilin was probed
in the different alcohols by using femtosecond time-resolved
spectroscopy. The obtained spectral data were analyzed by
global fit algorithm and then fitted to an adequate kinetic model.
A possible kinetic mechanism that resulted from this analysis
is discussed.

This report describes the first experimental investigation o
phycocyanobilin using femtosecond spectroscopy.

isolated from the cyanobacteriuSpirulina geitleri using a To monitor the time evolution of the absorption changes, the
modification of the methods reported by Kufer and ScHeer probe pulse was delayed step by step with respect to the
and Terry et at? excitation pulse by means of a variable optical delay line. By

In a first step the cells oSp. geitleriwere broken and  averaging over at least 50 laser shots at each delay time,
repeatedly extracted with methanol in order to remove the statistical fluctuations of the excitation and probe pulses were
chlorophyll. Phycocyanobilin was cleaved from phycocyanin compensated.
by boiling the remaining blue pellet in methanol under reflux  Absorption changes were measured as the difference in optical
with stirring for 16 h in an argon atmosphere. The resulting densities AA) with and without excitation. The obtained kinetic
supernatant was evaporated and the dry residue again dissolvedata were analyzed in terms of a sum of exponentials by a
in methanol. In this solution, proteins were precipitated by the scanning global fit analysis.
addition of diethyl ether and removed by filtration. Phycocy- Fluorescence MeasuremenfBime-resolved decays of the
anobilin was extracted into a solution of 0.1 N HCI. The acidic fluorescence emission were measured using a picosecond diode
solution was then adjusted to pH 6.0 with sodium acetate, and|aser (PicoQuant GmbH, Berlin) for fluorescence excitation. The
phycocyanobilin was reextracted into diethyl ether. The diethyl laser having a wavelength of 635 nm was operated at a repetition
ether phase was concentrated to dryness by rotary evaporationsate of 2 MHz. The pulse width at half-maximum amounted to
and the residue was taken up in methanol. The resulting bluego ps. After having passed a polarizer, the vertically polarized
solution was fractionated by column chromatography on hy- excitation light was focused onto the sample flow cell, which
droxyapatit. The column was previously equilibrated with 10 was placed at an angle of 4Eelative to the exciting light beam.
mM potassium phosphate buffer pH 8.0 containing 10% Fluorescence light was collected by collimating optics and
methanol. After the sample was loaded, the column was elutedpassed through a cutoff filter (cutoff wavelength 650 nm) for
with the same buffer. The material separated into a green, violet, separation from the excitation pulses. The emission polarizer
and a faint blue band. After the elution of these bands was set to the magic angle (52 r2lative to the polarization of
phycocyanobilin was desorbed using a 100 mM potassium buffer the exciting light) in order to avoid anisotropy effects occurring
at pH 8.0. in larger biomolecules on the time scaté0-1°s. Fluorescence

The chromatography was monitored at 620 nm and the |ight was focused onto the entrance slit of a polychromator being
fractions obtained were characterized spectrophotometrically. part of the streak camera system C4774 (Hamamatsu), which
Fractions corresponding to a specific absorbance ratigy/( allows for time-resolved acquisition of fluorescence spectra. The
As10) of =3.0 were pooled and washed twice with 1/4 volumes measured emission(t) must be described by a sum of
of diethyl ether. After acidification of the solution with 0.0025 exponential functions being convoluted with the impulse
volumes of glacial acetic acid, phycocyanobilin was extracted response functioff(t) of the detection system.
into chloroform. The blue chloroform solution was thoroughly
washed with water and evaporated to dryness. The residue was n
again taken up in chloroform containing 3% methanol and I(t) = lpg+ Zaje“”i F(t) (1)
precipitated by addition of three volumes of hexane. Following =
centrifugation, the resulting solid was dried with a slow stream
of argon, further dried by pumping on a vacuum line, and In this equationr; denotes the fluorescence decay time of the
stored at room temperature in the dark in evacuated glass vesjth component and; the corresponding amplitudig accounts
sels. for the constant background due to straylight. The data measured
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of phycocyanobilin in methanol (---) and-octanol ) measured . . ) .
immediately after the 610 nm pump pulse has passed the sample. (Togigure 3. Density plot of the transient absorption changas) as a

panel) stationary absorption spectra of phycocyanobilin in methanol function of w_a_vele_ngth and delay time obtained after excitation of
(---) andn-octanol ). The spectra shown are normalized with a value phycocyanobilin with 100 fs pulses at 610 nm. The absolute value of

of 1 at their peak maximum. The measurements were carried out at A is the greater, the deeper the darkening is. Phycocyanobilin used
203 K. in the measurements was dissolved in methanol. The density plot for

n-octanol as solvent is qualitatively similar to that for methanol as

. . . Ivent and theref t sh here.
for I(t) were fitted according to eq 1 using a least-squares solvent and therefore not shown here

algorithm, allowing for deconvolution with the instrument |,hq\yave sides of the bleaching band. These obviously arise
response funcuoﬁ(t). Thg par{:\meter‘s,q, T ando; were vgr!ed from the initially excited state(s) and can be attributed to excited-
to O?ta'” the optimum fit, which was indicated by a minimum - g4ae ahsorptions. The bleaching band looks similar to the
of = i inverted stationary absorption band apart from the fact that it

Fluorescence Up-Carersion MeasurementsThe fluores- — ighjavs 4 slightly narrowed spectral shape. This is due to the
cence up-converlsmn spectrometer Is desc”bed in detail bypositive transient absorptions that override the bleaching at its
Chosrowjan et & The laser system used as light source Was ot and long wavelength tails. The similarity between the
an Ar* laser pumped T|:sapph|re twnable laser _(M|ra 9.00' bleaching and stationary absorption band suggests that the
Coherent). The pulses were typically 100 fs fwhm in duration, negative absorption changes are mostly due to ground-state
700 mW in energy and were dumped at a repetition rate of 76 yonetion and less to stimulated emission. The spectra measured
MHz. The second harmonic was gen_erated in a 0.2 mm BBO j, methanol and-octanol are nearly identical. There are only
crys_,tal and focused onto the samphea 1 mmsample cell to_ small differences in the shortwave regists00 nm.
excite the fluorescence. The ﬂuorescence.and the residual Figure 3 depicts the observed transient absorption changes
fundamental laser pulse were then focused In a 0.4 mm BBOp, 5 density plot. It shows that excitation first results in an initial
crystal (type 1) to create the up-converted S|gnal at the sum bleaching of the ground-state absorption, which is accompanied
frequency. After passing through an appropriate filter and a p, the appearance of positive transient absorption changes
grating mono.chromator, the fluorescence was detgcteq by 8flanking the bleaching region at the shortwave and longwave
photon counting system (Hamamatsu). For the estimation of gqes “While the latter absorption changes decline, another
the fluorescence lifetimes the experimentally measured decaypositive transient absorption appears between 600 and 750 nm.
was fit to a sum of exponentia!s including aco_nstant term. The This transient absorption persists for periods beyond some
constant term was added to s!mulate a long-lived ﬂ,uores,’cencehundreds of picoseconds. On the basis of its comparatively long
component, the lifetime of which cannot be determined in the itetime, we assign this transient absorption to the formation of
time window of the femtosecond measurements. a product species.

Figure 4 reveals the transient absorption changes as a function
of time for four selected wavelength regions. At 5880 nm

The excited-state dynamics and solvent response of the initialthe negative absorption changes reflect mainly bleaching and
photoprocesses in phycocyanobilin were probed in methanol, recovery of the initial ground-state absorption. This follows from
n-propanol, anch-octanol. Phycocyanobilin was excited with  the similarity between the bleaching and the stationary absorp-
610 nm pulses of 100 fs duration, and the transient absorptiontion spectrum (Figure 2). Bleaching reaches a maximum value
changes were measured by a purppobe technique using a upon excitation and decays after that toward zero on a
broadband white light continuum as the probing light pulse. For comparatively long time scale. At 79®15 and 475500 nm
reasons of clarity, the experimental data obtained with methanol positive absorption changes can be observed during excitation,
and n-octanol are presented in full detail while those with which then undergo decay over the next tens of picoseconds.
n-propanol are only given as final results of the kinetic analysis. At 645—670 nm an initial bleaching takes place first, which is

Figure 2 (bottom panel) shows the absorption difference supplanted within several picoseconds by a positive transient
spectra AA(1)) of phycocyanobilin in methanol andoctanol absorption. For reasons mentioned above, this positive absorp-
as solvent measured at a delay time of 100 fs. The top panel oftion most probably reflects the formation of a product state.
Figure 2 shows the stationary absorption spectrum of phyco- For a kinetic analysis the transient absorption changes were
cyanobilin (referred to astationary spectrunm the following) fitted to a sum of exponential functions using a global fit
in the two solvents for comparison. As can be seen, bleachingapproach. On the basis of the global analysis the absorption
of the initial ground-state absorption occurs immediately with changes are composed of contributions from three exponential
excitation. In parallel with ground-state bleaching, positive components, one with a lifetime of a few picoseconds, another
transient absorption changes appear at the shortwave andvith some tens of picoseconds and a third with some hundreds

Results
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Figure 4. Kinetics of the transient absorption changa#\(t)) observed Figure 5. Decay-associated spectra of the components in the triex-
at selected probe wavelength regions. (a) Wavelength regions 790 ponential fits: (a) spectra for the fast 3.2 ps component (--), the
815 nm (squares) and 47500 nm (circles): (---) methanol as solvent;  jtermediate 30 ps component), and the slow 350 ps component

(=) n-octanol as solvent. (b) Wavelength regions-5690 nm (circles) (--+) in methanol as solvent; (b) corresponding spectra for the 3.5 ps

and 645-670 nm (squares): (---) methanol as solvert) f-octanol component (---), the 50 ps component)( and the 600 ps component
as solvent. The squares and circles indicate the experimentally measuret{i...) in n-octanol as solvent.

data, and the solid and dashed lines, respectively, represent the

calculated functions obtained from the best fit parameters of a global 104
data analysis. The estimated decay times are as follows: 3.2+ 1 '
ps,72 = 30+ 8 ps,7r3 = 350+ 100 ps for methanol as solvent and
= 3.5+ 1 ps,72 = 50 & 10 ps,73 = 600 + 100 ps forn-octanol as > 0.8+
solvent. B
£ 06-
TABLE 1: Decay Times (ps) of the Relaxation Processes in i
Excited Phycocyanobilin Measured in Different Alcoholic £
Solvents$ ® 044
solvent 2 7 73
methanol 321 30+ 8 3504+ 100 02
propanol 3.2+1 48+ 15 400+ 150 Y
n-octanol 35£1 50+ 10 600+ 100 0,0- ==, . - .
0 500 1000 1500
2The decay times were obtained from a triexponential fit using a time (ps)

global fit approach. Figure 6. Fluorescence decay curve of phycocyanobilin dissolved in

. . L methanol after excitation at 635 nm. The measured decay (circles) and
of picoseconds. The exact values obtained for these lifetimeshe gecay function calculated from the best fit parameters are shown.

are listed in Table 1. They are strongly dependent on the alcohol The estimated fluorescence lifetimes are as followis= 38 ps and
used as solvent except in the valueref which is only little = 1.6 ns.

affected as compared tg andrs. Furthermore, the amplitudes

of the lifetime components vary considerably with wavelength. decay of phycocyanobilin in methanol after excitation with 80

Thus, the decay of the excited-state absorptions at-8339 ps pulses at 635 nm. The fluorescence decays are well fitted to
nm is well described by the short- and intermediate-component double-exponential decays using a deconvolution method. The
lifetimes, 71 and 7,, while the longest-component lifetimes main decay component with the largest relative amplitude

(aside from the short and intermediate ones), occurs in the decay(>90%) has a lifetime of 38 ps. The other, which makes the
of the bleaching and in the decay of the absorption changes atminor contribution to the overall decay(0%) has a lifetime
645-675 nm. Figure 5 shows the amplitudes estimated from of 1.6 ns. By taking into account the considerably longer pulse
the triexponential fits for the individual decay components in duration of the exciting pulses in the fluorescence experiments,
dependence on the probe wavelength (decay-associated spectra}. becomes clear that the fast kinetic componen} {etected
Additionally, to facilitate the analysis of the primary processes in the absorption measurements cannot be resolved in the
in excited phycocyanobilin, time-resolved fluorescence mea- fluorescence experiments. However, it seems likely that the 38
surements were carried out. Figure 6 depicts the fluorescenceps fluorescence decay component corresponds, within experi-
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. Figure 8. Kinetic scheme proposed for the light-induced processes
time (ps) following femtosecond excitation of phycocyanobilin. The dark arrows
Figure 7. Fluorescence decay of phycocyanobilin dissolved in indicate the primary photoreaction, dashed arrows indicate internal
methanol as measured by the up-conversion technique. The insetconversion to the ground state, and gray arrows indicate the back-
displays the decay within the first 8 ps after excitation. The measured reaction of the photoproducts. The species enclosed by the circles are
decay (circles) and the fitted decay curve (solid line) obtained from assumed to be excited by the pump pulses used in the femtosecond
the best fit parameters are shown. The fluorescence lifetimes estimatedneasurements.
from a biexponential fit including a constant term are as follaws

2+ 0.8 ps andr, = 24+ 10 ps. The constant term takes the existence of the excited-state absorptions is accompanied by the build-
of a long lifetime component(1 ns) into account. up of a transient absorption between 600 and 750 nm, which
disappears with the time constantin some hundreds of pico-

mental error, to the intermediate kinetic componegjigbserved  go04nds. Because of its comparatively long lifetime this absorp-
in the absorption measurements. Thus, it can be suggested thaf,n most probably reflects the formation of a product species.
this component is fluorescent and therefore belongs to an excited 14 qescribe the experimental results in terms of a kinetic

electronic state. The longer fluorescence component has Noy e the following considerations were taken into account.
comparable counterpart in the absorption measurements. Sincer,o decay-associated spectrum of the long component

_th'_s comppnent has an amplitude O_f onlyafew_per(?sr]@/o), (Figure 5), represents the difference spectrum between the
it is possible that the accompanying absorption is below the ,.q,,ct species and unphotolyzed phycocyanobilin. This spec-
_detect|on I|m|t_or that the corresponding state is not populated ¢y, exhibits, in addition to the photobleaching band, an
in the absorption measurements. . absorption band that maximizes at 690 nm and overlaps in part
To meet the requirements necessary fgr the resolution of &ty the stationary absorption band. From this fact it can be
fluorescence that corresponds to the fast kinetic CO”.‘F’O"JQN( concluded that the product species does arise from the photo-
fluorescence measurements were made by using the UPygaction in excited phycocyanobilin and also exists as ground-
conversion techmqug. TI_1e decay curve as obtained by th'sstate species already before excitation. Thus, it seems very likely
“?Chr.“q“e Is shown in Figure 7 F"F'”Q of the fluorescence y,4; yyo different ground-state species (A and B) occur which
kinetics to a sum of exponentials indicates that the decay g glectronically excited into two different excited states upon
contains three components with lifetimes 020.8 and 24+ light absorption. As a consequence of the subsequent relaxation
10 ps and '°.“9‘?r than 1 ns. . processes, the one species (B) is accumulated. Further, it was
The 2 ps lifetime accords well with the value of for the {ayen into account that low-temperature YWis spectra indicate

fast kinetic component, asl_ielterr;nne? n ﬂ;]e aE;orptlon MEa"the presence of a small fraction {0%) of still another ground-
surements. It seems very likely therefore that this component giae gpecies, C, which exhibits an absorption maximum near

represents an excited state. M_oreover, _the 24 ps Iifetim(_e closely710 nm (unpublished results). Because of its longwave absorp-
matches the value af, for the intermediate component in the 0 maximum in relation to the 610 nm pump pulses, this

absorption measurements, thus providing additional proof for species is assumed to be not excited under our experimental

the assignment of this component to another excited state. The;ongitions. However, from the long red wavelength tail in the
long-component lifetimeX1 ns) is required as well for a good

) h | His lifeti - difference spectrum of the product species (Figure 5) it may be
flt, but the accurate value of this lifetime cannot be determined supposed that species C is also a constituent of the product
in the 100 ps time window of the up-conversion measurements.

; absorption. For this reason, two product species, B and C, are
Most probably this component and the 1.6 ns component ¢,ngigered generated as a result of the photoreaction of species

observed in the above fluorescence measurements are identicaly, o, the basis of this argument, the following kinetic model
is proposed (Figure 8).
The excitation at 610 nm leads to the population of two
The key features of thAA spectra obtained at different delay different excited states, the one (B*) with a lifetimemf(~3
times after femtosecond excitation of phycocyanobilin can be ps) and the other (A*) with a lifetime af, (30—50 ps depending
summarized as follows. First, immediately after excitation, on the solvent). This can be concluded from the positive absorp-
bleaching of the ground-state absorption takes place. Bleachingtion changes that appear with excitation and decay with time
decays non single exponentially and can be resolved into threeconstants of; andz,. That these two decay times are associated
exponential components with decay times of a few picosecondswith the relaxation of singlet excited states is corroborated by
(71), a few tens of picosecondsy), and a few hundreds of pico-  the results of the fluorescence measurements. Kinetic processes
secondsz) depending on the solvent used for the dissolution with time constants of; andz; are also detected in the recovery
of phycocyanobilin. Second, in parallel with bleaching, positive kinetics of the bleaching, suggesting that the molecules in either
transient absorption changes that can be ascribed to excitedexcited state return directly into the ground state. However, a
state absorptions appear at the blue and red wings of the stapart of the molecules in state A* is in addition depopulated
tionary absorption band. These absorptions undergo decay withtoward two transient product states, the existence of which can
relaxation times corresponding t@ and 7,. Third, the decay be deduced from the long-living transient absorption extending

Discussion
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experimental data. Second, the calculated absorption spectra are

07+ . .

a smooth function of the wavelength and consist of only one
06+ main absorption maximum. Furthermore, the absorption is
05} positive at any wavelength. If the experimemsl spectra were

8 fit assuming an unbranched sequential model which allows the

g 041 formation of a product species that is not identical with an
g o3l essential component of the original stationary absorption band,

@ the results obtained were less consistent.

o2r The calculated absorption spectra (Figure 9) indicate a clear
01t red shift of the spectra for species B and C from the spectrum
00 for species A, which undergoes the photoreaction into species

' B and C. The red shift does not directly provide information

on the structural changes involved in the photoreaction.

However, taking into account the factors determining the spectral
07k properties of open-chain tetrapyrroféghe red shift should be

associated with an extension of the conjugatezlectron system
08r in the longitudinal dimensiorx. Considering further that,
05} according to NMR studiebspecies A adopts a cyclic helical

8 04l conformation, the elongation of the conjugation path in dimen-
8" sion x should be brought about by a rotation about one of the
3 03 formal single bonds in the exocyclic methine bridges, leading
® o2l to a more extended conformation. Compared to the length in
' dimensionx, the general shape of the conjugategklectron
01} system does not significantly change on isomerization at one
00 - e of the exocyclic double bonds. We therefore assume that most
' 500 600 700 800 of the red shift in the product absorption is due to a photore-
wavelength (nm) action that involves a single bond rotation at one of the methine

Figure 9. Absorption spectra of species A, B, and C calculated as bridges, yielding a more stretched arrangement of the tetra-
described in the text: (a) individual absorption spectra of species A pyrrole ring system.
g—;)—gictBr u(r; 'O;)F; r?;go(c:yggolBiﬁrc:—n(])p;rI?gtr\?l;r?otlhgsﬁ:gl?/gﬁ? ?t?)sg:ﬁtrg] Another result of our measurements is the demonstration of
sponding specira in-octanol as solvent. ’ a solvent effect on the decay timesandzs. When the solvent

is changed from methanol via propanolrtmctanol, the decay
timest, andz3 become significantly longer, while little change
occurs inty (Table 1). The time constant is related to the
excited-state decay of species A ando the decay of the two
product species (Figure 8). It thus seems likely that interactions
between the solute and the surrounding solvent control these
two relaxation processes. The series of alcoholic solvents used
in the experiments differ with respect to various solvent
eproperties such as the dielectric constant, the refractive index,
and the viscosity. At present we do not know which of these
properties is of prime importance for the solvent response. But
supposing that the formation of the product species B and C
and their reconversion into species A involves single bond
rotations at the exocyclic methine bridges, as suggested above,
the lengthening of, andzs with increasing alcohol length might
indicate a dependency on the solvent viscosity. It would be

between 600 and 750 nm. The product species arising from the
excited-state decay of A* are identical with species B and C
present already as ground-state species in unphotolyzed phy
cocyanobilin but accumulating in the course of the primary
photoreaction of species A. As can be judged from the product
kinetics, the two product states undergo decay with the
comparatively slow time constary. The decay apparently leads
to the repopulation of the ground state since the same tim
constant is also observed in the recovery kinetics of the
bleaching. After the decay of the two product states, the
bleaching of the initial absorption band is fully relaxed and the
resultant absorption spectrum is identical to that before excita-
tion. This indicates that the product species B and C are
obviously reconverted into species A until a thermal equilibrium
of species A, B, and C is retained. The equilibrium thus reached - S .
corresponds to that of the initial steady state before excitation. expegted that mplecuilar motions of this I§|nd are more hindered
On the basis of the above kinetic model the individual the higher the viscosity of the surrounding solvent is.
absorption spectra of species A, B, and C were calculated by a 1N conclusion, our results indicate that the primary photore-
global fit method. The resulting spectra are shown in Figure 9. action in phycocyanobilin occurs on the time scale of a few
They can be used to estimate the relative contribution of eachtens of picoseconds. When the order of magnitude of this time
species to the stationary absorption spectrum. The values sgeonstant is compared with the formation rate-eB@ psy* for
obtained are 68- 5% for species A, 25 5% for Species B, the first phOtOprOdUCt in the phototransformation of the Pr form
and 7+ 2% for species C when methanol is used as solvent Of phytochromé? a close correspondence becomes evident. It
and 63+ 5% for species A, 33 5% for species B, and £ thus appears that the primary photochemical event in open-chain
2% for species C when-octanol is used as solvent. tetrapyrroles takes some tens of picoseconds. This reaction rate
The following criteria suggest that the proposed kinetic model iS about 2 orders of magnitude slower than that of the primary
provides a proper fit of the experimentAlA spectra. First, if photoreactions in bacteriorhodopsin and the photosynthetic
the absorption spectra and true rate constants calculated fronfeaction centers that proceed on thé& ps time scale.
the model are used for a simulation, there is very good Our results further show that the time constarfor the initial
agreement between the simulated and experimentally measureghotoreaction (aside from the time constany) for the back-
AA spectra. The residual spectra at different delay times are reaction of the photoproducts) is solvent dependent. When again
only composed of random noise within the noise level of the a parallel is drawn to the primary photoprocesses in phyto-



1816 J. Phys. Chem. B, Vol. 104, No. 8, 2000

chrome, this fact suggests that solus®lvent interactions might
also play a role in controlling the light-induced photoreactio

Bischoff et al.

(8) Knipp, B.; Muler, M.; Metzler-Nolte, N.; Balaban, T. S.; Braslavsky,

n. S. E.; Schaffner, KHelv. Chim. Actal998 81, 881.

(9) Ridiger, W.; Thummler, F.Angew. Chem., Int. Ed. Engl991

It is possible that relaxational interactions between the open- 3 1716,

chain tetrapyrrole chromophore and the surrounding protein sites

(10) Furuya, M.; Song, P.-2hotomorphogenesis in Plant&nd ed.;

are of importance for both the rate and the selectivity of the Kluwer Academic Publishers: Dordrecht, The Netherlands, 1994; p 105.

primary photoreaction.
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